The large, aggregating chondroitin sulphate proteoglycan of cartilage, aggrecan, has served as a generic model of proteoglycan structure. Molecular cloning of aggrecans has further defined their amino acid sequences and domain structures. In this study, we have obtained the complete coding sequence of chicken sternal cartilage aggrecan by a combination of cDNA and genomic DNA sequencing. The composite sequence is 6117 bp in length, encoding 1951 amino acids. Comparison of chicken aggrecan protein primary structure with rat, human and bovine aggrecans has disclosed both similarities and differences. The domains which are most highly conserved at 70-80 % identity are the N-terminal domains Gl and G2 and the C-terminal domain G3. The chondroitin sulphate domain of chicken aggrecan is smaller than that of rat and human aggrecans and has very distinctive repeat sequences. It has two separate sections, one comprising 12 consecutive Ser-Gly-Glu repeats of 20 amino acids each, adjacent to the other which has 23 discontinuous Ser-GlyGlu repeats of 10 amino acids each; this latter region, N-terminal to the former one, appears to be unique to chicken aggrecan. The two regions contain a total of 94 potential chondroitin sulphate attachment sites. Genomic comparison shows that, although chicken exons 11-14 are identical in size to the rat and human exons, chicken exon 10 is the smallest of the three species. This is also reflected in the size of its chondroitin sulphate coding region and in the total number of Ser-Gly pairs. The putative keratan sulphate domain shows 31-45 % identity with the other species and lacks the repetitive sequences seen in the others. In summary, while the linear arrangement of specific domains of chicken aggrecan is identical to that in the aggrecans of other species, and while there is considerable identity of three separate domains, chicken aggrecan demonstrates unique features, notably in its chondroitin sulphate domain and its keratan sulphate domain. Thus different variants of chondroitin sulphate and keratan sulphate domains may have evolved separately to fulfil specific biochemical and physiological functions.
INTRODUCTION
Cartilage contains an extracellular matrix which consists of a highly concentrated solution of proteoglycans embedded in a meshwork of type II collagen fibres [1, 21 . The major proteoglycan of cartilage is a large aggregating molecule, aggrecan, with extensive substitutions of chondroitin sulphate and keratan sulphate chains, as well as N-and 0-linked oligosaccharides [1, [3] [4] [5] . These substituents comprise about 80-90 % of the molecular mass and thereby dominate the properties of the proteoglycan [1] . The ability of this proteoglycan to specifically form a strong non-covalent bond with hyaluronic acid has been shown to be mediated by its N-terminal globular domain, in conjunction with link proteins [6, 7] .
Biochemical and molecular approaches have been used to study the core protein of aggrecan from the cartilage of different animal species. The cDNA sequences encoding the complete protein sequences of Swarm rat chondrosarcoma aggrecan [8] and human chondrocyte aggrecan [9] show about 75 % amino acid identity, with individual domains ranging from 60% to 100 % conservation. Partial amino, acid sequences of aggrecans from bovine cartilage [10, 11] and chicken cartilage [12] [13] [14] and the complete cDNA sequence of the human fibroblast proteoglycan, versican [15] , have also been reported. Interestingly, unlike human cartilage aggrecan, human fibroblast versican contains two epidermal growth factor (EGF)-like repeats Nterminal to the lectin-binding domain and has only one linkprotein-like globular domain. Isolation of a porcine aggrecan from laryngeal cartilage [16] has shown that, although the two Nterminal globular domains GI and G2 are very similar in sequence, they do not share hyaluronic acid binding activity or immunogenic properties.
In the present study we describe the molecular cloning and nucleotide sequence encoding the entire core protein of chicken sternal cartilage chondroitin sulphate proteoglycan. The deduced amino acid sequences reveal both similarities with and differences from aggrecans of other animal species. While the tandem arrangement of various domains is identical in these aggrecans, chicken aggrecan has unique repetitive sequences in the chondroitin sulphate domain, whereas it lacks any repeat sequences in the keratan sulphate domain, in contrast to the bovine and human homologues. The composite data indicate that different variants of the chondroitin sulphate and keratan sulphate domains may have evolved to fulfil similar biochemical functions. domain was reported earlier [12] . Fig. 1 ). In order to make probe C (see Fig. 1 ) the cDNA library in a A gtlO vector was used as a template for PCR amplification, in which case the A gtlO forward or reverse primer plus a 17-mer oligonucleotide primer specific for the chicken core protein sequences were used for amplification.
Chicken genomic library screening
A partial MboI-digested genomic library in A EMBL3 vector was obtained from Clontech (La Jolla, CA, U.S.A.) and was screened using probe A, which had been isotopically labelled by the random primer extension method [19] . Four positive clones were obtained out of the 6 x 105 plaques which were screened. These clones were purified and were found to have inserts ranging in size from 13 to 16 kb. The largest clone was mapped by restriction enzyme digestions. A 3.5 kb BamHI/HindIII fragment (GEN.LT-1; Fig. 1 ) and a 5 kb BamHI/SalI fragment (GEN.LT-2; Fig. 1 ) were subcloned into Bluescript SK II + by an in-gel ligation method [20] .
Chicken cDNA library screening Total RNA was prepared from 14-15-day-old chicken sternal cartilage [17] . cDNA synthesis was done by Clontech using the method of Gubler & Hoffman [21] , following poly(A)+ selection as noted above. The cDNA library was prepared as follows. Three separate reactions, primed with an oligo(dT) primer, a random hexanucleotide primer or a specific 1 7-mer oligonucleotide primer (based on the chicken core protein sequence), were carried out for the first-strand synthesis. The products were pooled for second-strand synthesis to provide equal presentation of the three cDNAs in the library. The cDNA mixture was then cloned into the EcoRI site of A gtlO by conventional methods [22] . When this library was screened using radiolabelled probe B (Fig. 1) , approx. one out of 2 x 103 plaques was positive. Five of these clones were chosen for further purification and their EcoRI fragments, ranging in size from 1.4 kb to 2.2 kb, were subcloned into Bluescript SK 11 +. One of these five clones, LT-6 ( Fig. 1) , was sequenced.
The A gtlO cDNA library was also screened using radiolabelled probe C to obtain clones which extended further in the 5' direction. One out of 4 x 104 plaques was positive. Two clones (LT-7 and LT-8; Fig. 1 ) were chosen for further purification and sequencing.
Nucleic acid sequencing
The dideoxy chain termination method of Sanger et al. [23] was used to sequence double-stranded templates. All regions of the cDNA were sequenced at least once on both strands. Sequencing of the clones was done using universal primers. As sequence determination progressed, new primers, usually of 15-17-mer, were synthesized based on the ongoing analyses on an Applied Biosystems DNA Synthesizer using phosphoramidite chemistry.
Computer analyses
Analysis of the deduced amino acid sequence, including database searches and alignments of similar sequences, was performed using the University of Wisconsin Genetics Computer Group programs [24] .
RESULTS AND DISCUSSION
A combination of PCR amplification and genomic and cDNA sequencing resulted in the isolation of nine clones, which together with the initial clone ST-1 [12] accounted for the entire coding sequence of chicken aggrecan core protein (Fig. 1) . The composite sequence is 6117 bp long, encodes 1951 amino acids and includes 172 nucleotides of 5' and 92 nucleotides of 3' untranslated sequence (Fig. 2) . The nucleotide sequence immediately upstream of the initiating codon is in agreement with the consensus sequence for translational initiation in eukaryotes [25, 26] [27] , while the Asn-Xaa-Ser/Thr motifs are potential N-glycosylation sites [28] . The signal peptide sequence consists of the Nterminal 20 amino acid residues, with a putative cleavage site between amino acid residues Ala-20 and Glu-21, in accordance with the (-3,-1) rule of von Heijne [29, 30] . It is unlikely that the cloned fragments encompass the entire mRNA for the chicken aggrecan. Sai et al. [12] have shown that the mRNA for the core protein of chicken sternal cartilage is about 8.1 kb by Northern hybridization, whereas the cloned sequences account for only 6.1 kb. It is possible that the 3' end of the ST-1 clone contains polyadenylation consensus sequences which may partially account for the discrepancy.
Comparison of the deduced amino acid sequence of clone ST-1 with that of rat aggrecan showed that it partially encompassed exon 10, which encodes the chondroitin sulphate domain of the proteoglycan core protein. We thus decided to make a probe specific for exon 10 of chicken aggrecan by the RACE method using an mRNA template [18] , which could then be used to screen a genomic library. Products of such of PCR amplification almost always appeared as a smear on a 4 % non-denaturing polyacrylamide gel (results not shown). The core-protein-specific product was selected by cloning the PCR products into a pUC 9 vector and screening the resultant library with a nested oligonucleotide probe. One such clone was PEXT.ST-1 (Fig. 1) , a 550 bp fragment that was fully sequenced before being used as a probe to screen the chicken genomic library. Southern blots of restriction enzyme digests of the largest clone probed with PEXT.ST-1 showed hybridization with a 3.5 kb BamHI/HindIII fragment, GEN.LT-1 (Fig. 1) . Subcloning and sequencing of this fragment showed an exon sequence of 1.2 kb which overlapped with the 5' end of clone ST-1. The deduced amino acid sequence of the exon sequence contained characteristic Ser-Gly repeats, showing it was the chondroitin sulphate domain. In order to complete the exon sequence, the adjacent 5 kb BamHI/SalI fragment (GEN.LT-2; Fig. 1 ), which includes exon 10 and a part of its adjacent 5' intron, was sequenced. In order to precisely determine the 5' end of exon 10 in the genomic clone, we repeated the PCR amplification using chicken sternal poly(A)+ RNA as a template and amplified both the penultimate overlapping sequences of exon 10 and those codon sequences which were 5' to exon 10.
Comparison of the partial gene structures of chicken [31] and human [32] aggrecans and the complete structure of the rat gene [32, 33] shows that, although exons [11] [12] [13] [14] (encoding the Cterminal G3 domain) are similar in size, chicken exon 10 is the smallest of the three, being 2.8 kb in size compared with 3.9 kb in the human and 3.7 kb in the rat. In all three species, the entire chondroitin sulphate domain, which constitutes about 50 % of the total protein sequence, is encoded by a single large exon.
There seems to be striking correspondence between the structural domains and corresponding exons of the chondroitin sulphate proteoglycan core proteins, with the exception of the G3 domain, which is considered to be a combination of several motifs. In the case of human aggrecan the G3 domain is made up of a lectin-like motif and an EGF-like motif [34] . There is an additional complement regulatory protein (CRP)-like motif similar to versican [15] . Human aggrecan and versican have molecular isoforms which arise by alternative splicing [34, 35] . The G3 domain of chicken core protein contains the lectin-like motif and CRP-like motif, but not the EGF-like motif. It has been proposed that the G3 domain of aggrecans could be composed of two or more segments derived from different genes by exon shuffling [31, 34, 35] . 1735-195 1, constitute the globular domain G3. Alignment of this region with the G3 domains of human, rat and bovine aggrecans and with human versican is shown in Fig. 3 . The G3 domain is highly conserved among the different species, showing 70-80 % identity of amino acid sequences. This domain was previously cloned by Sai et al. [12] along with a portion of the chondroitin sulphate domain. It has been suggested by Doege et al. [36] that the lectin-like G3 domain may be involved in binding to carbohydrate residues of cartilage matrix protein or other cartilage matrix components, thereby stabilizing the extracellular matrix. The presence of two different lectin-binding domains, at each end of the aggrecan molecule, potentially enables it to act as a large strut, bridging between other components of cartilage extracellular matrix. The chondroitin sulphate attachment domain of chicken aggrecan seems to be unique in its size and structure (Fig. 4) . Compared with bovine nasal cartilage proteoglycan core protein, the distance between the second globular domain G2 and the third globular domain G3, constituting the chondroitin sulphate domain for the most part, was found to be shorter in rotaryshadowed images of chicken cartilage proteoglycan core protein [37] . Also, the cDNA encoding the chondroitin sulphate domain of chicken aggrecan fails to recognize rat chondrosarcoma RNA [14] , which suggests that there are considerable differences between their sequences.
The chondroitin sulphate domain of chicken core protein is comprised of 903 amino acids (residues 800-1702) and has several interesting features. It can be divided into two subdomains: an N-terminal region (CS-1) and a C-terminal region (CS-2), as shown in the dot matrix plot in Fig. 4 . The CS-2 region (Fig. 4c) with [16] [17] [18] [19] [14] . We found, in the genomic clone GEN.LT-2 ( Fig. 1) which overlaps this region, that the corresponding codon third base position is C (nucleotide 3925; Fig.  2 ) denoting an Asp residue, as found in the peptide.
The keratan sulphate domain by definition is that part of the core protein that bears the majority of the keratan sulphate chains and very few chondroitin sulphate chains. This domain has not been well characterized to date. In general, it is found to be rich in glutamic acid, glutamine, proline and serine residues, which constitute about 65 % of the amino acid residues in this region [2] . The core proteins of human and bovine aggrecans possess characteristic hexameric repeat sequences which are rich in glutamic acid, proline and serine residues [9, 11] .
Cyanogen bromide peptide mapping by Haynesworth et al. [39] [9] and rat aggrecan residues 344 485 [8] .
Refer to Fig. 3 for other details. that the G2 domain of bovine aggrecan shows 780% identity with the chicken G2 domain and that the GI and G2 domains of aggrecans are very similar, it is likely that the GI domain of bovine aggrecan would be very similar to the GI domain of chicken aggrecan.
Comparison of the G2 domains of chicken, rat, human and bovine aggrecans is shown in Fig. 7 . Once again, 75-78 % of the amino acid residues in this domain are identical among the different species. This domain has eight conserved cysteines and two potential N-glycosylation sites. Because the two domains, GI and G2, are more similar to each other than to link protein, it has been proposed that the proteoglycan gene evolved by duplication of the sequences following the divergence of the ancestral genes [40] . The deduced amino acid sequence of the interglobular domain of chicken was compared with that of rat and human (Fig. 8) . It is interesting to see that this domain, which lies between two very similar domains, matches poorly between aggrecans, with only 30-40% of the residues being identical. It has been shown by electron microscopy that the interglobular domain has an extended appearance [41] , and is rich in acidic residues and proline. The function of this domain is not very clear and it may simply serve to unite the GI and G2 domains.
Link protein is structurally similar to the N-terminal GI and G2 domains of aggrecan and also binds to hyaluronic acid [42] . Link protein primary structure in different species also shows a high degree of conservation. Comparison of chicken link protein sequence [43] with chicken aggrecan GI and G2 domains shows 40 % identity (results not shown), in contrast to the 70 % identity between GI and G2 themselves. Similar results have been reported for rat link protein and rat aggrecan [40] . Thus, while there are strong similarities between link protein and aggrecan domains, they probably diverged earlier than the subsequent duplication of the initial aggrecan exon, as noted above.
Dendrograms were prepared to show the clustering relationship of the order of pairwise alignments of various domains of aggrecan among different species (Fig. 9) . The clustering is arranged by the computer program so that very similar sequences are aligned to each other before they are aligned to more distantly related sequences. The dendrograms presented in Fig. 9 are not intended to represent phylogenetic reconstructions, although the lengths of the horizontal lines are proportional to the similarity between the sequences. For example, the keratan sulphate domains of human and rat aggrecans are more similar to each other compared with bovine aggrecan, whereas the G3 domains of rat and bovine aggrecans are more similar compared with the human. Another interesting finding is that the different
